Mammalian mRNA biogenesis requires specific recognition of a hexanucleotide AAUAAA motif in the polyadenylation signals (PAS) of precursor mRNA (pre-mRNA) transcripts by the cleavage and polyadenylation specificity factor (CPSF) complex. Here we present a 3.1-Å-resolution cryo-EM structure of a core CPSF module bound to the PAS hexamer motif. The structure reveals the molecular interactions responsible for base-specific recognition, providing a rationale for mechanistic differences between mammalian and yeast 3′ polyadenylation.
. Despite the critical function of CPSF in mammalian mRNA biogenesis, the molecular interactions that underpin its specificity for the PAS hexamer motif are poorly understood.
To address this question, we reconstituted, by coexpression in baculovirus-infected insect cells, a core human CPSF polyadenylation module consisting of full-length CPSF160, an N-terminal fragment of WDR33 containing the WD40 domain, a truncated CPSF30 fragment containing zinc-finger (ZF) domains ZF1-ZF5 and a conserved fragment of Fip1 corresponding to residues Gly130-Lys195
Fip1 bound to a ten-nucleotide RNA containing the AAUAAA hexamer ( Supplementary Fig. 1a ). Using cryo-EM and single-particle analysis, we determined the structure of the core CPSF-AAUAAA complex at an overall resolution of 3.1 Å, as indicated by the Fourier shell correlation (FSC) plot (Supplementary Table 1 and Supplementary Fig. 1b-g ). The structure comprises fulllength CPSF160 (residues Met1-Phe1443 ) and an RNA fragment containing the AAUAAA hexamer and two additional 3′ -terminal nucleotides (Fig. 1a) . No density was observed for Fip1 and CPSF30 domains ZF4 and ZF5, suggesting that these domains form a flexible module. This finding is in agreement with results from previous interaction studies showing that yeast Fip1 is an intrinsically disordered protein that interacts with Yth1 (the yeast CPSF30 ortholog) through its ZF4 and ZF5 domains 12 .
The structure of the human CPSF160-WDR33-CPSF30 complex we present here is overall similar to the recently described structure of the core polyadenylation module of the yeast CPF complex, comprising Cft1 (the yeast CPSF160 ortholog), Pfs2 (WDR33) and Yth1 (CPSF30) 13 ( Fig. 1b and Supplementary Fig. 2a ). The tandem ZF1-3 domains of CPSF30 line a cleft at the CPSF160-WDR33 interface near the N-terminal extension of WDR33 (Fig. 1c) . The N-terminal region of CPSF30 upstream of the ZF1 domain extends over the surface of the CPSF160 β -propeller domain bP3, inserting its N terminus into the central cavity of bP3. These findings are in agreement with recent biochemical characterization of subunit interactions within the human CPSF core module and an X-ray crystallographic structure of the CPSF160-WDR33 heterodimer 14 .
The ribose-phosphate backbone of the AAUAAA hexamer adopts an S-shaped conformation ( Fig. 2a and Supplementary  Fig. 2b ). The RNA is clamped at the CPSF30-WDR33 interface, establishing an intricate network of interactions that involve both the RNA backbone and the nucleobases (Supplementary Fig. 3 ). The N-terminal region of WDR33, comprising residues Leu41-Lys55
WDR33
, folds over the RNA, contacting nucleotides U3, A5 and A6 and thereby locking the RNA in place (Fig. 2a) Fig. 3 ). The centerpiece of the PAS hexamer is a Hoogsteen base pair formed between nucleotides U3 and A6 (Fig. 2b) , sandwiched by π -π stacking interactions with Phe153 WDR33 and Phe43
, both of which are invariant in mammalian WDR33 orthologs. Nucleotides A1 and A2 are bound by the CPSF30 ZF2 domain, while nucleotides A4 and A5 are bound by ZF3. The two segments of the AAUAAA hexamer are bound by the ZF domains in a nearly identical manner ( Supplementary Fig. 2c ). Altogether, these structural insights rationalize previous findings that implicated the CPSF30 ZF2 and ZF3 domains and the WDR33 N terminus in specific recognition of the AAUAAA motif 10, 11, 14 . Each of the A1, A2, A4 and A5 bases occupies a pocket in CPSF30 in which the base stacks with a strictly conserved aromatic residue: A1 with Phe84 (Fig. 2c) . The nucleobases of A1, A4 and A5 are further recognized via their Watson-Crick edges by sequencespecific hydrogen bond interactions with their N1 and 6-amino groups (Fig. 2c) . By contrast, the interaction with the nucleobase of A2 is less specific because a single hydrogen bond is established between the main chain amide of Lys77 CPSF30 and the N1 group of the adenine base. Finally, the U3-A6 base pair does not appear to be recognized by base-specific interactions (Fig. 2b,c) .
AAUAAA and AUUAAA are the two most common hexamer motifs found within the PAS of mammalian mRNAs [15] [16] [17] . The observed base-specific recognition of A1, A4 and A5 of the hexamer is consistent with their invariance in the consensus sequence. Conversely, the lack of base-specific recognition at position 2 is reflected in transcriptome-wide studies of mammalian mRNA polyadenylation showing that the second position within the PAS hexamer is the most variable [15] [16] [17] . Notably, the structural insights are also in good agreement with the observation that although the identity of each base within the PAS hexamer consensus strongly affects the efficiency of RNA cleavage and polyadenylation in a HeLa cell nuclear extract, the second position within the hexamer is the most permissive to base substitutions 18 . Hoogsteen base-pairing between U3 and A6 explains their invariance in the PAS hexamer motif even in the absence of base-specific interactions with WDR33; although other isosteric pyrimidine-purine combinations could potentially fit in the U3-A6 binding pocket in WDR33, these base pair combinations are energetically unfavorable, owing to nonoptimal hydrogen bond interactions, which probably results in substantially reduced affinity.
Whereas the AAUAAA hexamer is strongly conserved in mammalian pre-mRNA transcripts, the PAS of yeast pre-mRNAs are less well defined and typically contain degenerate A-rich motifs termed positioning elements 19 . Both structural superposition and sequence alignment of human CPSF30 and yeast Yth1 indicate that the A1-, A4-and A5-recognition pockets are conserved in the Yth1 ZF2 and ZF3 domains ( Supplementary Fig. 4a,b) , implying that Yth1 recognizes adenosine nucleotides in positioning elements. In contrast to higher eukaryotic WDR33 orthologs, yeast Pfs2 lacks an aromatic residue equivalent to Phe43 WDR33 in its N-terminal region ( Supplementary  Fig. 4c ). As a result, the U3-A6 binding pocket is not conserved in Pfs2, possibly explaining why yeast positioning elements are degenerate and do not conform to a well-defined consensus sequence.
In conclusion, structural insights presented in this study reveal the molecular interaction framework that underpins polyadenylation-site definition in mammalian pre-mRNA 3′ -end processing. Another cryo-EM structure of the human CPSF160-WDR33-CPSF30 complex bound to the AAUAAA PAS motif was recently published 20 , with similar conclusions. Despite emerging commonalities in the molecular architectures of yeast and mammalian cleavage and polyadenylation complexes, their structural features responsible for RNA binding have diverged to recognize distinct PAS. Ongoing studies of yeast CPF and mammalian CPSF complexes will shed light on the molecular mechanisms that couple PAS recognition to the nuclease and poly(A) polymerase enzymatic activities, as well as to transcriptional termination, and provide insights into their regulation.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41594-017-0020-6. 
Protein expression and purification. Human CPSF subunit constructs were cloned into MacroLab vectors developed by S. Gradia (University of California, Berkeley) 21 . His 6 -tagged full-length CPSF160 (Uniprot Q10570) was inserted into the 438B vector (Addgene #55219); His 6 -(StrepII) 2 -WDR33 (Uniprot Q9C0J8-1, residues 1-410) was inserted into a modified version of the 438B vector; untagged CPSF30 (Uniprot O95639-3, residues 1-178) was inserted into the 438A vector (Addgene #55218); StrepII-GFP-tagged Fip1 (Uniprot Q6UN15-4, residues 130-195) was inserted into the 438Rgfp vector (Addgene #55211) by ligationindependent cloning. The four constructs were combined in a single plasmid using the MacroBac ligation-independent cloning system 21 . Recombinant baculovirus was generated using the Bac-to-Bac system (Invitrogen) according to standard protocols and used to infect Sf9 cells at a density of 1.0 × 10 6 ml −1 . Cells were harvested 72 h post infection, resuspended in 20 mM Tris-Cl, pH 7.5, 200 mM NaCl, 10% glycerol and 0.05% Tween-20, supplemented with protease inhibitor cocktail (GE Healthcare) and lysed by sonication. The complex was purified on Ni-NTA resin (Qiagen) and then purified on Streptactin superflow resin (IBA). Expression tags were removed by overnight incubation with TEV protease. Synthetic 10-mer PAS RNA (5′ -ACAAUAAAGG-3′ ) was added in 1.2-fold molar excess, and the resulting protein-RNA complex was further purified by sizeexclusion chromatography on a Superdex-200 column (GE Healthcare) in 20 mM HEPES, pH 7.5, 140 mM KCl and 1 mM DTT. Peak fractions (as indicated in Supplementary Fig. 1a ) were collected and flash frozen in liquid nitrogen.
Cryo-EM sample preparation and data collection. The CPSF-PAS RNA complex was vitrified on Quantifoil Cu 400 mesh R1.2/1.3 grids previously glow discharged for 15 s on each side. 4 μ l of sample at 0.3 mg/ml was deposited on the EM grid, incubated for 15 s, blotted for 7 s and plunge frozen in liquid ethane-propane mixture using a FEI Vitrobot Mark IV at 22 °C and 100% humidity. Data collection was performed on a FEI Titan Krios microscope operated at 300 kV and equipped with a Gatan K2 Summit detector and a Gatan Quantum GIF LS energy filter. Image acquisition and initial processing was managed by Focus ). Final micrographs are dose-weighted sums of the full stack removing the first frame. Contrast transfer function (CTF) parameters were determined with CTFFIND4 (ref. 24 ). Subsequent processing was performed in RELION-2 (ref. 25 ). A dataset of 1,070 images was selected with a CTF resolution estimate between 2.6 and 3.0 Å. 1,600 particles were manually picked from a random subset of micrographs, and the resulting 2D class averages were used as input for the RELION-2 Autopick function on binned micrographs, obtaining a total 265,000 particles. After selection of 263,000 particles with best Autopick figure of merit, the particles were subjected to two rounds of 2D classification, selecting particles from 72 and 27 classes, respectively. The final dataset contained 137,000 particles representing 51% of the picked particle dataset. Aligned particles were then extracted from unbinned micrographs, and an initial reference-free model was generated using RELION-2 (Initial model function). 3D classification of the dataset into three classes yielded models with similar features, number of particles and final resolution, suggesting structural homogeneity. Therefore, the whole dataset was directly subjected to 3D refine alignment. After postprocessing in RELION-2, the final map reached a resolution of 3.1 Å. The resolution was measured by Fourier shell correlation between reconstructions from two independently refined half-datasets (gold-standard FSC in RELION-2 
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